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In membrane technology, polymeric membranes are the commonly used 
commercial membranes for carbon dioxide (CO2) separation. The limitations of 
commercial polymeric membranes have motivated researchers to study other 
alternatives, namely inorganic membranes, due to their higher thermal stability, good 
chemical resistance to solvents, higher mechanical strength and longer lifespan. In this 
study, novel carbon membranes supported onto porous alumina tubular with superior 
CO2 separation performance were fabricated via carbonization of P84 co-polyimide 
(PI) blended with different types of additives such as polyvinylpyrrolidone, 
microcrystalline cellulose, and nanocrystalline cellulose (NCC). The preparation of 
this carbon membrane involved three main processes: (a)dope polymeric precursor 
membrane preparation, (b)coating step, and (c)heat treatment process. The influence 
of the dope formulation, carbonization conditions, and dip-coating parameters on the 
gas separation performance of the carbon membranes was evaluated. All membrane 
samples were characterized using scanning electron microscope, thermal gravimetric 
analysis, x-ray diffraction meter, raman analysis, mercury porosimetry, and Fourier 
transform infrared spectroscopy. Pure gas permeation tests of the resultant membranes 
were also conducted and evaluated by using CO2, and methane (CH4). The effects of 
additive loadings, carbonization conditions and dip-coating parameters have shown 
significant improvements toward the physiochemical and gas permeation properties. 
The incorporation of additives enhanced the gas separation performance in comparison 
to single polymer-based carbon membranes, where in this case NCC demonstrated the 
most promising additive with 36% improvement of CO2 permeance. Manipulation of 
gas environments during carbonization process of argon, helium, and nitrogen have 
shown that argon environment gives 32% and 12% improvement of CO2 permeance 
and CO2/CH4 selectivity, respectively. These were due to higher order degree of 
carbon membrane and significant acceleration of the degradation reaction on carbon 
membranes. The influence of dip coating-carbonization cycles and dipping time during 
membrane fabrication resulted in a uniform membrane with pinhole-free particle layer 
and specific pore diameter. When the soaking time was increased from 30 to 120 min, 
CO2 permeance and CO2/CH4 selectivity increased up to 180% and 86%, respectively. 
The study also revealed that membrane PI-based carbon membrane with addition of 7 
wt% of NCC featured excellent permeation properties with permeance of 3.13 ± 1.56 
GPU and 213.56 ± 2.17 GPU for CH4 and CO2 gases, respectively. PI/NCC carbon 
membrane exhibited the highest CO2/CH4 selectivity of 68.23 ± 3.27 GPU under argon 
carbonization environment, 120 min thermal soaking time, two times coating-








Dalam teknologi membran, membran polimer merupakan membran komersial 
yang biasa digunakan untuk pemisahan karbon dioksida (CO2). Keterbatasan membran 
polimer komersial telah mendorong penyelidik untuk mengkaji alternatif lain, iaitu 
membran bukan organik, disebabkan oleh kestabilan haba yang lebih tinggi, ketahanan 
kimia yang baik terhadap pelarut, kekuatan mekanikal yang lebih tinggi dan jangka 
hayat yang lebih lama. Dalam kajian ini, membran karbon baharu disokong oleh tiub 
alumina berliang dengan prestasi pemisahan CO2 unggul telah dihasilkan melalui 
pengkarbonan P84 ko-polimida (PI) diadunkan dengan jenis bahan tambah berbeza 
seperti polivinilpirolidona, selulosa mikrokristal, dan selulosa nanokristal (NCC). 
Penyediaan membran karbon ini melibatkan tiga proses utama: (a)penyediaan 
membran prapenanda polimer dop, (b)langkah salutan dan (c)proses rawatan haba. 
Pengaruh formulasi dop, keadaan pengkarbonan, dan parameter salut-celup terhadap 
prestasi pemisahan gas membran karbon telah dinilai. Semua sampel membran telah 
dicirikan dengan menggunakan mikroskop elektron imbasan, analisis termogravimetri, 
pembelauan sinar-X, analisis raman, porosimeter merkuri, dan infra-merah jelmaan 
Fourier. Ujian penelapan gas tulen membran yang dihasilkan juga telah dilakukan 
dengan menggunakan CO2, dan metana (CH4). Kesan penambahan bahan tambah, 
keadaan pengkarbonan dan parameter salut-celup telah menunjukkan peningkatan 
yang ketara ke atas sifat-sifat fisiokimia dan penelapan gas. Penambahan bahan 
tambah meningkatkan prestasi pemisahan gas berbanding dengan membran karbon 
berasaskan polimer tunggal, di mana bahan tambah NCC didapati paling baik dengan 
peningkatan 36% untuk penelapan CO2. Perubahan beberapa persekitaran gas semasa 
proses pengkarbonan dengan argon, helium, dan nitrogen menunjukkan bahawa 
persekitaran argon memberikan peningkatan 32% dan 12%, masing-masing terhadap 
penelapan CO2 dan sifat kememilihan CO2/CH4. Ini disebabkan oleh tahap membran 
karbon yang lebih tinggi dan pecutan ketara terhadap tindakbalas degradasi pada 
membran karbon. Pengaruh kitaran pengkarbonan celup-salutan dan masa celupan 
semasa fabrikasi membran menghasilkan membran yang sekata dengan tanpa serpihan 
lubang dan diameter pori tertentu. Penelapan CO2 dan sifat kememilihan CO2/CH4 
masing-masing meningkat sehingga 180% dan 86% apabila masa rendam haba 
dinaikkan daripada 30 hingga 120 minit. Kajian juga menunjukkan bahawa membran 
karbon berasas PI dengan 7% berat NCC menampilkan ciri-ciri penelapan gas yang 
sangat baik dengan nilai sebanyak 3.13 ± 1.56 GPU dan 213.56 ± 2.17 GPU untuk 
CH4 dan CO2. Membran karbon PI/NCC mempamerkan sifat kememilihan CO2/CH4 
tertinggi, iaitu 68.23 ± 3.27 GPU di bawah persekitaran pengkarbonan gas argon, 120 
minit masa rendaman haba, dua kali kitaran pengkarbonan salutan, dan tempoh masa 
salutan 45 minit. 
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1.1 Research Background 
 
 
Natural gas is considered as an important source of fuel, as well as a primary 
feedstock for most petrochemical industries. It was reported the global consumption 
of natural gas is projected to increase up to 182 trillion cubic feet by the year 2030 
from 95 trillion cubic feet recorded in 2003 (Yeo et al., 2012). The separation of 
natural gas by thin barriers known as membranes has been verified to be economically 
and technically excellent technology by previous researchers (Adewole et al., 2013a). 
In comparison with other sources of energy such as fossil fuel, natural gas is mostly 
considered as a clean source of energy. However, raw natural gas generally is not free 
of impurities. The large component constitutes of methane (CH4) and other 
hydrocarbons such as ethane (C2H6), propane (C3H8), butane (C4H10), CO2 co-exists. 
Moreover, other impurities such as hydrogen sulphide (H2S), sulphur dioxide (SO2) 
and nitrogen (N2) are also present (Scholes et al., 2012b). Removal of these types of 
impurities is crucial in minimizing issues related to fouling, corrosion, and pipeline 
rupture (Chua et al., 2013). In addition, removal of CO2 from natural gas is important 
to increase the calorific value and transportability of the natural gas in the pipeline 
(Adewole et al., 2013a, Ahmad et al., 2015). 
 
 
The application of membrane in gas separation is a dynamic and rapidly 
growing field. They have drawn much attention by offering a number of advantages 
including ease of operation (no moving parts), low energy requirements and the overall 




one of the premier applications of membrane technology. The improvement of gas 
separation membranes in the past few years have accelerated in gas refining 
applications, especially natural gas. Membrane for gas separation technology can be 
marked as a competing industrial gas separation technique (Zhang et al., 2013, 
Adewole et al., 2013a). CO2 capture from power plant flue gas and subsequent 
sequestration is expected to play a key role in mitigating global climate change. It is 
known that CO2 is not only the main greenhouse gas but also an important potential 
carbon source, therefore, the capture and separation of CO2 has attracted worldwide 
attention (Tena et al., 2015). CO2 has greater solubility coefficient than other light 
gases such as H2, N2 and CH4, due to its high condensability. It has been pointed out 
that the polar groups such as carbonyl, ether, acetate groups etc have affinity for CO2. 




Carbon membrane is one of the potential methods to remove CO2 from natural 
gas. The interest on this membrane for gas separation has increased because of their 
molecular sieving properties that provide better selectivity and their higher thermal 
and chemical stability than the polymeric membranes. Due to the fragile characteristic 
of the thin carbon selective layer, the carbon membranes must be manufactured along 
with porous support, usually ceramic or metallic, for commercial purposes. Thus, a 
membrane with an improved mechanical resistance and thermal stability, supporting 
high temperatures and pressures, ideal characteristics has been fabricated for gas 
separation in several applications. Supported carbon membrane has attracted great 
attention due to its superior CO2 separation and high mechanical strength. As mention 
by Hosseini and Chung (2009), carbon membrane is stable in several harsh 
environments such as under strong acid and base as well as at elevated pressure and 
temperature (Hosseini and Chung, 2009a). In the presence of high porosity and 
opening microspores that smaller than 0.5nm, high selective carbon membrane can be 
achieved. Carbon membranes are created from carbonization of polymeric precursor 
that consists of irregular microspores. During carbonization, thermally unstable 
polymer components would have evaporated and break the original polymer 
backbones. As a result, carbon membranes with highly porous, more open pores were 




separation by size and shape. These membranes offer great potential for operations 





1.2 Problem Statements 
 
 
Polymer blend membranes of different polymer pairs have been reviewed and 
evaluated in terms of phase behaviour, permeability, and selectivity. The development 
of carbon membranes using polymer blend materials are among attractive strategies to 
improve their performances. The secondary polymer for blending are commonly 
possess low degradation temperature compared to primary polymer. Thus, during the 
carbonization process, the early degradation of the secondary polymer would create 
pore networks. This allows membrane to be more permeable compared to membrane 
without the additives, and potentially increase the gas pair selectivity. A variety of 
polymer blends has been explored in these recent years (Tiptipakorn et al., 2007, 
Hosseini et al., 2014b, Pirouzfar et al., 2014, Yong et al., 2016). In this current study, 
we incorporated this method in the application of carbon membranes by addition of 
polyvinylpyrrolidone (PVP), microcrystalline cellulose (MCC), and nanocrystalline 
cellulose (NCC) as an additives. All these three additives believed to exhibit enhanced 
performance in comparison to single polymer-based carbon membranes. However, 
there are still lack of comparatives studies on those potential additives. Thus, choosing 
an appropriate polymer pairs for carbon membrane fabrication with an optimum 
composition is essential to overcome limitations in polymeric membrane applications 
(Itta et al., 2011).  In the case of carbon membrane, the challenge factor is due to the 
issue of poor mechanical stability (He and Hägg, 2011). Hence, a membrane with a 
better separation properties and improved thermal stability and mechanical strength is 
needed to fully utilize the potential of this membrane technology in gas separation. 
Thus, membrane coated was prepared in this study. The purpose of choosing the 
membrane coated configuration is to overcome the poor mechanical strength that 
exhibited by unsupported carbon membrane.  
 
  On the other hand, it is reported that the gas permeation performance of the 




carbon membrane preparation steps (Salinas et al., 2016a, Cipriani et al., 2016, Abu 
El Hawa et al., 2015, Llosa Tanco et al., 2015a). There are two crucial process 
parameters which are gas environment and thermal soak time, that need to be 
considered to fine tune the final properties of the carbon membrane. Therefore, in this 
study, attempts are made to investigate the effect of gas environments and thermal 
soak times during the carbonization process on the physiochemical properties and gas 
permeation performance of the prepared coated membrane. By manipulating gas 
environments conditions, the production of higher order degree of carbon membrane 
can be achieved. In addition, a significant acceleration of the degradation reaction on 
carbon membranes can be achieved which lead to the formation of smaller pore size 
(Song et al., 2010). Carbon membranes that carbonized from inert gasses shows 
superior gas separation performance with more open porous structure compared with 
those membranes that carbonized under vacuum environment; indicating that carbon 
membrane will possess smallest pores and low gas separation performance. Carbon 
membrane with a longer isothermal time (thermal soak time) results in more selective 
but less productive membranes (Favvas et al., 2015).  
 
 
Furthermore, in the preparation of coated membrane, there are several types of 
coating technique have been used by previous researches such as such as spin coating  
(Yong et al., 2013), spray coating (Acharya and Foley, 1999), dip coating (Arabi 
Shamsabadi et al., 2014, Qin et al., 2015), slip-coating (Kim et al., 2016, Lee et al., 
2016) and brush coating (Han et al., 2016). Besides the types of coating technique, the 
effect of coating conditions is also play an important role in order to produce 
membrane with good separation performances. By comparing with all coating 
methods, dip-coating methods are most simple, inexpensive and most desirable choice 
for industrial applications. Dip-coating method will provide such good process 
parameters such as dip coating cycles and dipping time during membrane fabrication 
to obtain membrane with specific pore diameter. Therefore, these process conditions 
should be encouraged. Previous study by Kargari and co-workers, mentioned that by 
increasing the number of sequential dip-coatings, selectivity increased due to plugging 
or sealing the uncovered pores and defects in the membrane surface. The results 
indicate that two times coating-carbonization cycle would give superior performance 




process parameter such as coating-carbonization cycle and coating time towards the 
gas permeation performance will be investigated. Apart from author knowledge, by 
applying a tangential flow of suspension against the support during drying and dip-
coating process, it will result in a dynamic particle deposition. The idea is to obtain a 
uniform and pinhole-free particle layer by the interaction of suspension tangential flow 





1.3 Objectives of Study 
 
 
Based on the problem statement discussed previously, the objectives of this research 
are outlined as follows: 
 
 
i. To investigate the effect of dope formulations (types of additives) on the 
morphological, thermal, and structural properties of the coated carbon 
membrane.  
ii. To investigate the effect of coated carbon membrane preparation conditions on 
the morphological, thermal, and structural properties of carbon membrane.  






1.4 Scopes of study 
 
 
In order to achieve the above-mentioned objectives, the following scopes of 
study are performed: 
 
 
i. Fabricating supported polymeric and carbon membrane using tubular alumina 




ii. Fabricating flat-sheet polymeric and carbon membrane without support for 
characterization purpose as the presence of support would hinders most of 
characterizations used . 
iii. Fabricating coated polymeric and carbon membrane with different additives 
types (polyvinylpyrolidone (PVP), microcrystalline cellulose (MCC) and 
synthesized nanocrystalline cellulose (NCC)) and composition (5 to 9 wt. %) 
via dip-coating technique. 
iv. Characterizing polymeric and carbon membranes by using Characterizing 
polymeric precursor and carbon membranes by using Thermogravimetric 
Analysis (TGA), X-ray Diffraction Analysis (XRD), Scanning Electron 
Microscopy (SEM), Mercury Porosimetry, Raman Spectroscopy, and Fourier 
Transform Infrared Spectroscopy (FTIR). 
v. Fabricating coated carbon membranes at different carbonization conditions 
(gas environment: N2, Ar, and He; thermal soak time: 30, 60, and 90 minutes). 
vi. Fabricating coated carbon membranes at different dip-coating parameters 
(coating-carbonization cycle: 1, 2, 3, and 4; coating time: 15, 30, and 45, and 
60 minutes).  
vii. Conducting the pure gas permeation test using carbon dioxide (CO2), and 




1.5 Significance of the Study 
 
 
It was acknowledged that polyimide embedded with additives have been 
studied in gas separation applications. However, a little attention has been given on 
the use of an additives in the preparation of supported carbon membranes. Therefore, 
attempts are made to investigate the potential of different types of additives such as 
PVP, MCC, and NCC in the preparation of supported carbon membranes for CO2/CH4 
separation. On the other hand, the used of tubular as supported on the preparation of 




strength of the prepared carbon membrane. However, the characterization of all 
resultant membrane have been done by flat sheet configuration due to limitations of 
support membrane. The findings from this study would also provide a better 
understanding on the underlying principle on the fabrication of supported carbon 






1.6 Organization of the Thesis 
 
 
The thesis consists of 5 chapters. Chapter 1 describes the brief information 
concerning the gas separation industries, current challenges in membrane technology 
and an introduction of carbon membrane. In addition, the problem statements, 
objectives and scopes of the study have also been provided in this chapter. Chapter 2 
provides background information relevant to the gas separation technologies and their 
limitations as well as the past and current works on the development of membrane as 
a new approach for higher permeance and selectivity. Furthermore, the challenges and 
factors during fabrication of carbon membrane are also discussed. A comprehensive 
discuss on experimental methods and characterization techniques used throughout the 
study are explained in Chapter 3. In Chapter 4, the effect of dope formulation on the 
physicochemical and gas permeation properties of the tubular carbon membrane 
prepared from various additives were discussed. In this study, different thermally 
labile additives such as polyvinylpyrrolidone (PVP), microcrystalline cellulose (MCC) 
and nanocrystalline cellulose (NCC) were introduced in the P84 co-polyimide polymer 
solution. This chapter also includes the findings on the effects of carbonization 
conditions on the physicochemical and gas permeation properties of the tubular carbon 
membrane. In addition, the findings on the effects of coating conditions on the 
physicochemical and gas permeation properties of the tubular carbon membrane are 
briefly discussed. Finally, the general conclusions based on the findings and some 
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Characterization of Hollow Fiber Carbon Membranes from Cellulose Acetate 
Precursors. Industrial & Engineering Chemistry Research, 50, 2080-2087. 
Ho, M. T., Allinson, G. W. & Wiley, D. E. (2008). Reducing the Cost of CO2 Capture 
from Flue Gases Using Membrane Technology. Industrial & Engineering 
Chemistry Research, 47, 1562-1568. 
Hosseini, S. S. & Chung, T. S. (2009). Carbon membranes from blends of PBI and 
polyimides for N2/CH4 and CO2/CH4 separation and hydrogen purification. 
Journal of Membrane Science, 328, 174-185. 
Hosseini, S. S., Omidkhah, M. R., Zarringhalam Moghaddam, A., Pirouzfar, V., 




separation performance of PBI–polyimides blend carbon molecular sieve 
membranes via optimization of the pyrolysis process. Separation and 
Purification Technology, 122, 278-289. 
Hosseini, S. S., Peng, N. & Chung, T. S. (2010). Gas separation membranes developed 
through integration of polymer blending and dual-layer hollow fiber spinning 
process for hydrogen and natural gas enrichments. Journal of Membrane 
Science, 349, 156-166. 
Hu, C., Liu, A. C. Y., Weyland, M., Madani, S. H., Pendleton, P., Rodríguez-Reinoso, 
F., Kaneko, K. & Biggs, M. J. (2015). A multi-method study of the 
transformation of the carbonaceous skeleton of a polymer-based nanoporous 
carbon along the activation pathway. Carbon, 85, 119-134. 
Hunt, A. J., Sin, E. H. K., Marriott, R. & Clark, J. H. (2010). Generation, Capture, and 
Utilization of Industrial Carbon Dioxide. ChemSusChem, 3, 306-322. 
Iredale, R. J., Ward, C. & Hamerton, I. (2017). Modern advances in bismaleimide resin 
technology: A 21st century perspective on the chemistry of addition 
polyimides. Progress in Polymer Science, 69, 1-21. 
Ismail, A. F. & David, L. I. B. (2001). A review on the latest development of carbon 
membranes for gas separation. Journal of Membrane Science, 193, 1-18. 
Ismail, A. F. & David, L. I. B. (2003). Future direction of R&amp;D in carbon 
membranes for gas separation. Membrane Technology, 2003, 4-8. 
Ismail, A. F. & Li, K. 2008. From Polymeric Precursors to Hollow Fiber Carbon and 
Ceramic Membranes. In: Reyes, M. & Miguel, M. (eds.) Membrane Science 
and Technology. Elsevier. 
Ismail, A. F. 2010. 1.13 - Preparation of Carbon Membranes for Gas Separation. In: 
Drioli, E. & Giorno, L. (eds.) Comprehensive Membrane Science and 
Engineering. Oxford: Elsevier. 
Ismail, N. H.; Salleh, W. N. W.; Sazali, N.; Ismail, A. F. (2018). Development and 
characterization of disk supported carbon membrane prepared by one-step 





Ismail, N. H.; Salleh, W. N. W.; Sazali, N.; Ismail, A. F., (2017). Effect of intermediate 
layer on gas separation performance of disk supported carbon membrane. 
Separation Science and Technology, 1-13. 
Ismail, N. H.; Salleh, W. N. W.; Sazali, N.; Ismail, A. F., (2018). Disk supported 
carbon membrane via spray coating method: Effect of carbonization 
temperature and atmosphere. Separation and Purification Technology, 195, 
295-304. 
Itta, A. K., Tseng, H.-H. & Wey, M.Y. (2011). Fabrication and characterization of 
PPO/PVP blend carbon molecular sieve membranes for H2/N2 and H2/CH4 
separation. Journal of Membrane Science, 372, 387-395. 
Jiao W., Ban Y., Shi Z., Jiang X., Li Y., Yang W. (2017). Gas separation performance 
of supported carbon molecular sieve membranes based on soluble 
polybenzimidazole. Journal of Membrane Science, 533, 1-10. 
Jiao W., Ban Y., Shi Z., Jiang X., Li Y., Yang W. (2016). High performance carbon 
molecular sieving membranes derived from pyrolysis of metal–organic 
framework ZIF-108 doped polyimide matrices. RSC Advances, 52(95), 13779-
13782. 
Jo, E.S., An, X., Ingole, P. G., Choi, W.-K., Park, Y.-S. & Lee, H.K. CO2/CH4 
separation using inside coated thin film composite hollow fiber membranes 
prepared by interfacial polymerization. Chinese Journal of Chemical 
Engineering. 
Jones, C. W. & Koros, W. J. (1994). Carbon molecular sieve gas separation 
membranes-I. Preparation and characterization based on polyimide precursors. 
Carbon, 32, 1419-1425. 
Jung, K.-H. & Ferraris, J. P. (2012). Preparation and electrochemical properties of 
carbon nanofibers derived from polybenzimidazole/polyimide precursor 
blends. Carbon, 50, 5309-5315. 
Kaboorani, A., Riedl, B., Blanchet, P., Fellin, M., Hosseinaei, O. & Wang, S. (2012). 
Nanocrystalline cellulose (NCC): A renewable nano-material for polyvinyl 




 Kamath M.G., Fu S., Itta A.K., Qiu W., Liu G.P., Swaidan R., & Koros W.J. (2017). 
6FDA-DETDA: DABE polyimide-derived carbon molecular sieve hollow 
fiber membranes: Circumventing unusual aging phenomena. Journal of 
Membrane Science, 546, 197-205. 
Kargari, A., Arabi Shamsabadi, A. & Bahrami Babaheidari, M. (2014). Influence of 
coating conditions on the H2 separation performance from H2/CH4 gas 
mixtures by the PDMS/PEI composite membrane. International Journal of 
Hydrogen Energy, 39, 6588-6597. 
Khalilpour, R., Mumford, K., Zhai, H., Abbas, A., Stevens, G. & Rubin, E. S. (2015). 
Membrane-based carbon capture from flue gas: a review. Journal of Cleaner 
Production, 103, 286-300. 
Kim, S.J., Park, Y.I., Nam, S.E., Park, H. & Lee, P. S. (2016). Separations of F-gases 
from nitrogen through thin carbon membranes. Separation and Purification 
Technology, 158, 108-114. 
Kim, Y. K., Park, H. B. & Lee, Y. M. (2003). Carbon molecular sieve membranes 
derived from metal-substituted sulfonated polyimide and their gas separation 
properties. Journal of Membrane Science, 226, 145-158. 
Kim, Y. K., Park, H. B. & Lee, Y. M. (2004). Carbon molecular sieve membranes 
derived from thermally labile polymer containing blend polymers and their gas 
separation properties. Journal of Membrane Science, 243, 9-17. 
Kim, Y. K., Park, H. B. & Lee, Y. M. (2005). Gas separation properties of carbon 
molecular sieve membranes derived from polyimide/polyvinylpyrrolidone 
blends: effect of the molecular weight of polyvinylpyrrolidone. Journal of 
Membrane Science, 251, 159-167. 
Kiyono, M., Williams, P. J. & Koros, W. J. (2010). Effect of pyrolysis atmosphere on 
separation performance of carbon molecular sieve membranes. Journal of 
Membrane Science, 359, 2-10. 
Koresh, J. E. & Soffer, A. (1986). Mechanism of permeation through molecular-sieve 
carbon membrane. Part 1. The effect of adsorption and the dependence on 
pressure. Journal of the Chemical Society, Faraday Transactions 1: Physical 
Chemistry in Condensed Phases, 82, 2057-2063. 
Koresh, J. E. & Soffer, A. (1987). The Carbon Molecular Sieve Membranes. General 
Properties and the Permeability of CH4/H2 Mixture. Separation Science and 




Labuschagne, P. W., Kazarian, S. G. & Sadiku, R. E. (2011). Supercritical CO2-
assisted preparation of ibuprofen-loaded PEG–PVP complexes. The Journal of 
Supercritical Fluids, 57, 190-197. 
Lagorsse, S., Magalhães, F. D. & Mendes, A. (2008). Aging study of carbon molecular 
sieve membranes. Journal of Membrane Science, 310, 494-502. 
Lau, W. J., Gray, S., Matsuura, T., Emadzadeh, D., Paul Chen, J. & Ismail, A. F. 
(2015). A review on polyamide thin film nanocomposite (TFN) membranes: 
History, applications, challenges and approaches. Water Research, 80, 306-
324. 
Le, T., Yang, Y., Huang, Z. & Kang, F. (2015). Preparation of microporous carbon 
nanofibers from polyimide by using polyvinyl pyrrolidone as template and 
their capacitive performance. Journal of Power Sources, 278, 683-692. 
Lee, H. J., Suda, H. & Haraya, K. (2007b). Preparation of Carbon Membranes Derived 
from Polymer Blends in the Presence of a Thermally Labile Polymer. 
Separation Science and Technology, 42, 59-71. 
Lee, H.J., Suda, H., Haraya, K. & Moon, S.H. (2007a). Gas permeation properties of 
carbon molecular sieving membranes derived from the polymer blend of 
polyphenylene oxide (PPO)/polyvinylpyrrolidone (PVP). Journal of 
Membrane Science, 296, 139-146. 
Lee, P.S., Kim, D., Nam, S.E. & Bhave, R. R. (2016). Carbon molecular sieve 
membranes on porous composite tubular supports for high performance gas 
separations. Microporous and Mesoporous Materials, 224, 332-338. 
Lee, T., Choi, J. & Tsapatsis, M. (2013). On the performance of c-oriented MFI zeolite 
Membranes treated by rapid thermal processing. Journal of Membrane 
Science, 436, 79-89. 
Li, J., Li, X., Yu, S., Hao, J., Lu, W., Shao, Z. & Yi, B. (2014a). Porous 
polybenzimidazole membranes doped with phosphoric acid: Preparation and 
application in high-temperature proton-exchange-membrane fuel cells. Energy 
Conversion and Management, 85, 323-327. 
Li, J., Qiang, D., Zhang, M., Xiu, H. & Zhang, X. (2015). Joint action of ultrasonic 
and Fe3+ to improve selectivity of acid hydrolysis for microcrystalline 




Li, L., Song, C., Jiang, H., Qiu, J. & Wang, T. (2014b). Preparation and gas separation 
performance of supported carbon membranes with ordered mesoporous carbon 
interlayer. Journal of Membrane Science, 450, 469-477. 
Li, Y., Cao, C., Chung, T.S. & Pramoda, K. P. (2004). Fabrication of dual-layer 
polyethersulfone (PES) hollow fiber membranes with an ultrathin dense-
selective layer for gas separation. Journal of Membrane Science, 245, 53-60. 
Liang, X., Yang, Y., Jin, X., Huang, Z. & Kang, F. (2015). The high performances of 
SiO2/Al2O3-coated electrospun polyimide fibrous separator for lithium-ion 
battery. Journal of Membrane Science, 493, 1-7. 
Liaw, D.J., Wang, K.L., Huang, Y.C., Lee, K.R., Lai, J.Y. & Ha, C.S. (2012). 
Advanced polyimide materials: Syntheses, physical properties and 
applications. Progress in Polymer Science, 37, 907-974. 
Lie, J. A. & Hägg, M.B. (2005). Carbon membranes from cellulose and metal loaded 
cellulose. Carbon, 43, 2600-2607. 
Lie, J. A. & Hägg, M.B. (2006). Carbon membranes from cellulose: Synthesis, 
performance and regeneration. Journal of Membrane Science, 284, 79-86. 
Lin, H. & Yavari, M. (2015). Upper bound of polymeric membranes for mixed-gas 
CO2/CH4 separations. Journal of Membrane Science, 475, 101-109. 
Liu, C.K., Feng, Y., He, H.J., Zhang, J., Sun, R.J. & Chen, M.Y. (2015). Effect of 
carbonization temperature on properties of aligned electrospun 
polyacrylonitrile carbon nanofibers. Materials & Design, 85, 483-486. 
Liu, R., Qiao, X. & Chung, T.S. (2005). The development of high performance P84 
co-polyimide hollow fibers for pervaporation dehydration of isopropanol. 
Chemical Engineering Science, 60, 6674-6686. 
Llosa Tanco, M. A., Pacheco Tanaka, D. A. & Mendes, A. (2015). Composite-
alumina-carbon molecular sieve membranes prepared from novolac resin and 
boehmite. Part II: Effect of the carbonization temperature on the gas 
permeation properties. International Journal of Hydrogen Energy, 40, 3485-
3496. 
Llosa Tanco, M. A., Pacheco Tanaka, D. A., Rodrigues, S. C., Texeira, M. & Mendes, 
A. (2015b). Composite-alumina-carbon molecular sieve membranes prepared 
from novolac resin and boehmite. Part I: Preparation, characterization and gas 




Lua, A. C. & Shen, Y. (2013). Preparation and characterization of asymmetric 
membranes based on nonsolvent/NMP/P84 for gas separation. Journal of 
Membrane Science, 429, 155-167. 
Lua, A. C. & Su, J. (2006). Effects of carbonisation on pore evolution and gas 
permeation properties of carbon membranes from Kapton® polyimide. 
Carbon, 44, 2964-2972. 
Luis, P., Van Gerven, T. & Van Der Bruggen, B. (2012). Recent developments in 
membrane-based technologies for CO2 capture. Progress in Energy and 
Combustion Science, 38, 419-448. 
Luo, J., Hang, X., Zhai, W., Qi, B., Song, W., Chen, X. & Wan, Y. (2016). Refining 
sugarcane juice by an integrated membrane process: Filtration behavior of 
polymeric membrane at high temperature. Journal of Membrane Science, 509, 
105-115. 
Ma, Q.S., Gao, A.-J., Tong, Y.J. & Zhang, Z.G. (2016). The densification mechanism 
of polyacrylonitrile carbon fibers during carbonization. New Carbon 
Materials, 31, 550-554. 
Ma, X., Swaidan, R., Teng, B., Tan, H., Salinas, O., Litwiller, E., Han, Y. & Pinnau, 
I. (2013). Carbon molecular sieve gas separation membranes based on an 
intrinsically microporous polyimide precursor. Carbon, 62, 88-96. 
Maab, H., Shishatskiy, S. & Nunes, S. P. (2009). Preparation and characterization of 
bilayer carbon/polymer membranes. Journal of Membrane Science, 326, 27-
35. 
Mahdyarfar, M., Mohammadi, T. & Mohajeri, A. (2013a). Defect formation and 
prevention during the preparation of supported carbon membranes. New 
Carbon Materials, 28, 369-377. 
Mahdyarfar, M., Mohammadi, T. & Mohajeri, A. (2013b). Gas separation 
performance of carbon materials produced from phenolic resin: Effects of 
carbonization temperature and ozone post treatment. New Carbon Materials, 
28, 39-46. 
Mangindaan, D. W., Woon, N. M., Shi, G. M. & Chung, T. S. (2015). P84 polyimide 
membranes modified by a tripodal amine for enhanced pervaporation 




Mannan, H. A., Mukhtar, H., Murugesan, T., Nasir, R., Mohshim, D. F. & Mushtaq, 
A. (2013). Recent Applications of Polymer Blends in Gas Separation 
Membranes. Chemical Engineering & Technology, 36, 1838-1846. 
Martins A. R., Santos L., Reyes C. P., Grau J.M., Carmo Rangel M. (2017). Hydrogen 
production on alumina-supported platinum catalysts. Molecular Catalysis. 
429, 1-9 
Merritt, A., Rajagopalan, R. & Foley, H. C. (2007). High performance nanoporous 
carbon membranes for air separation. Carbon, 45, 1267-1278. 
Miller L.E., and Hamm F.A (1953). Macromolecular Properties of 
Polyvinylpyrrolidone: Molecular Weight Distribution. Journal of Physics and 
Chemical, 57, 110–122. 
Mochida, I. (1996). Influence of heat-treatment on the selective adsorption of CO2 in 
a model natural gas over molecular sieve carbons. Fuel and Energy Abstracts, 
37, 180. 
Mochida, I., Yatsunami, S., Kawabuchi, Y. & Nakayama, Y. (1995). Influence of heat-
treatment on the selective adsorption of CO2 in a model natural gas over 
molecular sieve carbons. Carbon, 33, 1611-1619. 
Mohamed, M. A., Salleh, W. N. W., Jaafar, J., Asri, S. E. A. M. & Ismail, A. F. 
(2015b). Physicochemical properties of “green” nanocrystalline cellulose 
isolated from recycled newspaper. RSC Advanced, 5, 29842-29849. 
Mohamed, M. A., Salleh, W. N. W., Jaafar, J., Ismail, A. F., Abd Mutalib, M. & Jamil, 
S. M. (2015). Incorporation of N-doped TiO2 nanorods in regenerated cellulose 
thin films fabricated from recycled newspaper as a green portable 
photocatalyst. Carbohydrate Polymers, 133, 429-437. 
Mohamed, M. A., W. Salleh, W. N., Jaafar, J., Ismail, A. F., Abd Mutalib, M., 
Mohamad, A. B., M. Zain, M. F., Awang, N. A. & Mohd Hir, Z. A. (2017). 
Physicochemical characterization of cellulose nanocrystal and nanoporous 
self-assembled CNC membrane derived from Ceiba pentandra. Carbohydrate 
Polymers, 157, 1892-1902. 
Mohamed, M. A., W. Salleh, W. N., Jaafar, J., Ismail, A. F., Mutalib, M. A., Sani, N. 
a. A., M. Asri, S. E. A. & Ong, C. S. (2016a). Physicochemical characteristic 
of regenerated cellulose/N-doped TiO2 nanocomposite membrane fabricated 
from recycled newspaper with photocatalytic activity under UV and visible 




Mohamed, M. A., W. Salleh, W. N., Jaafar, J., Mohd Hir, Z. A., Rosmi, M. S., Abd. 
Mutalib, M., Ismail, A. F. & Tanemura, M. (2016b). Regenerated cellulose 
membrane as bio-template for in-situ growth of visible-light driven C-modified 
mesoporous titania. Carbohydrate Polymers, 146, 166-173. 
Mondal, A. & Mandal, B. (2014). CO2 separation using thermally stable crosslinked 
poly(vinylalcohol) membrane blended with polyvinylpyrrolidone/ 
polyethyleneimine/ tetraethylenepentamine. Journal of Membrane Science, 
460, 126-138. 
Muench, F., Seidl, T., Rauber, M., Peter, B., Brötz, J., Krause, M., Trautmann, C., 
Roth, C., Katusic, S. & Ensinger, W. (2014). Hierarchically porous carbon 
membranes containing designed nanochannel architectures obtained by 
pyrolysis of ion-track etched polyimide. Materials Chemistry and Physics, 
148, 846-853. 
Muraoka, D., Zhang, L., Suzuki, Y. & Kawakami, H. (2011). Effects of iron catalyst 
on gas transport properties of ion-irradiated asymmetric polyimide membranes. 
Journal of Membrane Science, 375, 75-80. 
Ning, X. & Koros, W. J. (2014). Carbon molecular sieve membranes derived from 
Matrimid® polyimide for nitrogen/methane separation. Carbon, 66, 511-522. 
Noro, S.-I., Ochi, R., Inubushi, Y., Kubo, K. & Nakamura, T. (2015). CH4/CO2 and 
CH4/C2H6 gas separation using a flexible one-dimensional copper (II) porous 
coordination polymer. Microporous and Mesoporous Materials, 216, 92-96. 
Pandey, P. & Chauhan, R. S. (2001). Membranes for gas separation. Progress in 
Polymer Science, 26, 853-893. 
Park, H. B., Jung, C. H., Lee, Y. M., Hill, A. J., Pas, S. J., Mudie, S. T., Van Wagner, 
E., Freeman, B. D. & Cookson, D. J. (2007). Polymers with cavities tuned for 
fast selective transport of small molecules and ions. Science, 318, 254-258. 
Peer, M., Qajar, A., Rajagopalan, R. & Foley, H. C. (2013). On the effects of emulsion 
polymerization of furfuryl alcohol on the formation of carbon spheres and other 
structures derived by pyrolysis of polyfurfuryl alcohol. Carbon, 51, 85-93. 
Peng, N., Widjojo, N., Sukitpaneenit, P., Teoh, M. M., Lipscomb, G. G., Chung, T.S. 
& Lai, J.Y. (2012). Evolution of polymeric hollow fibers as sustainable 





Peter, J. & Peinemann, K. V. (2009). Multilayer composite membranes for gas 
separation based on crosslinked PTMSP gutter layer and partially crosslinked 
Matrimid® 5218 selective layer. Journal of Membrane Science, 340, 62-72. 
Peydayesh, M., Asarehpour, S., Mohammadi, T. & Bakhtiari, O. (2013). Preparation 
and characterization of SAPO-34 – Matrimid® 5218 mixed matrix membranes 
for CO2/CH4 separation. Chemical Engineering Research and Design, 91, 
1335-1342. 
Pirouzfar, V., Moghaddam, A. Z., Omidkhah, M. R. & Hosseini, S. S. (2014). 
Investigating the effect of dianhydride type and pyrolysis condition on the gas 
separation performance of membranes derived from blended polyimides 
through statistical analysis. Journal of Industrial and Engineering Chemistry, 
20, 1061-1070. 
Powell, C. E. & Qiao, G. G. (2006). Polymeric CO2/N2 gas separation membranes for 
the capture of carbon dioxide from power plant flue gases. Journal of 
Membrane Science, 279, 1-49. 
Qin, W., Guan, K., Lei, B., Liu, Y., Peng, C. & Wu, J. (2015). One-step coating and 
characterization of α-Al2O3 microfiltration membrane. Journal of Membrane, 
490, 160-168. 
Qiu, W., Chen, C.C., Kincer, M. R. & Koros, W. J. (2011). Thermal analysis and its 
application in evaluation of fluorinated polyimide membranes for gas 
separation. Polymer, 52, 4073-4082. 
Qiu, W., Zhang, K., Li, F. S., Zhang, K. & Koros, W. J. (2014). Gas separation 
performance of carbon molecular sieve membranes based on 6FDA-
mPDA/DABA (3:2) polyimide. ChemSusChem, 7, 1186-94. 
Rahbar Shamskar, K., Heidari, H. & Rashidi, A. (2016). Preparation and evaluation of 
nanocrystalline cellulose aerogels from raw cotton and cotton stalk. Industrial 
Crops and Products, 93, 203-211. 
Rao, M. B. & Sircar, S. (1993). Nanoporous carbon membranes for separation of gas 
mixtures by selective surface flow. Journal of Membrane Science, 85, 253-264. 
Ren, J. & Li, Z. (2012). Development of asymmetric BTDA-TDI/MDI (P84) 
copolyimide flat sheet and hollow fiber membranes for ultrafiltration: 





Rezaei-Dashtarzhandi, M., Ismail, A. F., Ghanbari, M., Bakeri, G., Hashemifard, S. 
A., Matsuura, T. & Moslehyani, A. (2016). An investigation of temperature 
effects on the properties and CO2 absorption performance of porous 
PVDF/montmorillonite mixed matrix membranes. Journal of Natural Gas 
Science and Engineering, 31, 515-524. 
Rhim, Y.-R., Zhang, D., Rooney, M., Nagle, D. C., Fairbrother, D. H., Herman, C. & 
Drewry Iii, D. G. (2010). Changes in the thermophysical properties of 
microcrystalline cellulose as function of carbonization temperature. Carbon, 
48, 31-40. 
Ribeiro, C. P., Freeman, B. D., Kalika, D. S. & Kalakkunnath, S. (2012). Aromatic 
polyimide and polybenzoxazole membranes for the fractionation of 
aromatic/aliphatic hydrocarbons by pervaporation. Journal of Membrane 
Science, 390–391, 182-193. 
Robeson, L. M. (1991). Correlation of separation factor versus permeability for 
polymeric membranes. Journal of Membrane Science, 62, 165-185. 
Robeson, L. M. 2016. Polymeric Membranes for Gas Separation. Reference Module 
in Materials Science and Materials Engineering. Elsevier. 
Rubentheren, V., Ward, T. A., Chee, C. Y., Nair, P., Salami, E. & Fearday, C. (2016). 
Effects of heat treatment on chitosan nanocomposite film reinforced with 
nanocrystalline cellulose and tannic acid. Carbohydrate Polymers, 140, 202-
208. 
Rufford, T. E., Smart, S., Watson, G. C. Y., Graham, B. F., Boxall, J., Diniz Da Costa, 
J. C. & May, E. F. (2012). The removal of CO2 and N2 from natural gas: A 
review of conventional and emerging process technologies. Journal of 
Petroleum Science and Engineering, 94–95, 123-154. 
Rui, W., Zhang, C., Cai, C. & Gu, X. (2015). Effects of sintering atmospheres on 
properties of stainless steel porous hollow fiber membranes. Journal of 
Membrane Science, 489, 90-97. 
Rungta, M., Xu, L. & Koros, W. J. (2012). Carbon molecular sieve dense film 
membranes derived from Matrimid® for ethylene/ethane separation. Carbon, 
50, 1488-1502. 
Rungta, M., Xu, L. & Koros, W. J. (2015). Structure–performance characterization for 





Saedi, S., Madaeni, S. S. & Shamsabadi, A. A. (2014). Fabrication of asymmetric 
polyethersulfone membranes for separation of carbon dioxide from methane 
using polyetherimide as polymeric additive. Chemical Engineering Research 
and Design, 92, 2431-2438. 
Saito R, Hofmann M, Dresselhaus G, Jorio A, & Dresselhaus M S. (2011). Raman 
spectroscopy of graphene and carbon nanotubes. Advances in Physics, 60, 413-
550. 
Salinas, O., Ma, X., Litwiller, E. & Pinnau, I. (2016). Ethylene/ethane permeation, 
diffusion and gas sorption properties of carbon molecular sieve membranes 
derived from the prototype ladder polymer of intrinsic microporosity (PIM-1). 
Journal of Membrane Science, 504, 133-140. 
Salinas, O., Ma, X., Litwiller, E. & Pinnau, I. (2016b). High-performance carbon 
molecular sieve membranes for ethylene/ethane separation derived from an 
intrinsically microporous polyimide. Journal of Membrane Science, 500, 115-
123. 
Salinas, O., Ma, X., Wang, Y., Han, Y. & Pinnau, I. (2017). Carbon molecular sieve 
membrane from a microporous spirobisindane-based polyimide precursor with 
enhanced ethylene/ethane mixed-gas selectivity. RSC Advances, 7, 3265-3272. 
Salleh, W. N. W. & Ismail, A. F. (2011). Carbon hollow fiber membranes derived from 
PEI/PVP for gas separation. Separation and Purification Technology, 80, 541-
548. 
Salleh, W. N. W. & Ismail, A. F. (2012). Fabrication and characterization of PEI/PVP-
based carbon hollow fiber membranes for CO2/CH4 and CO2/N2 separation. 
AIChE Journal, 58, 3167-3175. 
Salleh, W. N. W. & Ismail, A. F. (2012a). Effects of carbonization heating rate on CO2 
separation of derived carbon membranes. Separation and Purification 
Technology, 88, 174-183. 
Salleh, W. N. W. & Ismail, A. F. (2013). Effect of stabilization condition on pei/pvp-
based carbon hollow fiber membranes properties. Separation Science and 
Technology, 48, 1030-1039. 
Salleh, W. N. W. & Ismail, A. F. (2015). Carbon membranes for gas separation 
processes: Recent progress and future perspective. Journal of Membrane 




Salleh, W. N. W., Ismail, A. F., Matsuura, T. & Abdullah, M. S. (2011). Precursor 
selection and process conditions in the preparation of carbon membrane for gas 
separation: a review. Separation & Purification Reviews, 40, 261-311. 
Satyamurthy, P. & Vigneshwaran, N. (2013). A novel process for synthesis of 
spherical nanocellulose by controlled hydrolysis of microcrystalline cellulose 
using anaerobic microbial consortium. Enzyme and Microbial Technology, 52, 
20-25. 
Saufi, S. M. & Ismail, A. F. (2004). Fabrication of carbon membranes for gas 
separation––a review. Carbon, 42, 241-259. 
Sazali, N., Salleh, W. N. W., Md Nordin, N. A. H., Harun, Z. & Ismail, A. F. (2015). 
Matrimid-based carbon tubular membranes: The effect of the polymer 
composition. Journal of Applied Polymer Science, 132. 
Sazali, N., Salleh, W. N. W., Nordin, N. a. H. M. & Ismail, A. F. (2015). Matrimid-
based carbon tubular membrane: Effect of carbonization environment. Journal 
of Industrial and Engineering Chemistry, 32, 167-171. 
Sazali, N., Salleh, W.N.W., Ismail, A.F. (2017). Carbon tubular membranes from 
nanocrystalline cellulose blended with P84 co-polyimide for H2 and He 
separation. International Journal of Hydrogen Energy, 42, 9952–9957.  
Sazali, N., Salleh, W.N.W., Ismail, A.F., Nordin, N.A.H.M., Ismail, N.H., Mohamed, 
M.A., Aziz, F., Yusof, N., Jaafar,J. (2018). Incorporation of Thermally Labile 
Additives in Carbon Membrane Development for Superior Gas Permeation 
Performance. Journal of Natural Gas Science and Engineering, 49, 376-384. 
Scholes, C. A., Ribeiro, C. P., Kentish, S. E. & Freeman, B. D. (2014). Thermal 
rearranged poly(benzoxazole)/polyimide blended membranes for CO2 
separation. Separation and Purification Technology, 124, 134-140. 
Scholes, C. A., Stevens, G. W. & Kentish, S. E. (2012). Membrane gas separation 
applications in natural gas processing. Fuel, 96, 15-28. 
Shao, P. & Huang, R. Y. M. (2007). Polymeric membrane pervaporation. Journal of 
Membrane Science, 287, 162-179. 
Shen, Y. & Lua, A. C. (2012). Structural and transport properties of BTDA-TDI/MDI 
co-polyimide (P84)–silica nanocomposite membranes for gas separation. 
Chemical Engineering Journal, 188, 199-209. 
Shi, S. Q., Che, W., Liang, K., Xia, C. & Zhang, D. (2015). Phase transitions of carbon-




various pyrolysis temperatures. Journal of Analytical and Applied Pyrolysis, 
115, 1-6. 
Siddique, H., Bhole, Y., Peeva, L. G. & Livingston, A. G. (2014). Pore preserving 
crosslinkers for polyimide OSN membranes. Journal of Membrane Science, 
465, 138-150. 
Singh, R. & Koros, W. J. (2013). Carbon molecular sieve membrane performance 
tuning by dual temperature secondary oxygen doping (DTSOD). Journal of 
Membrane Science, 427, 472-478. 
Smith, Z. P., Czenkusch, K., Wi, S., Gleason, K. L., Hernández, G., Doherty, C. M., 
Konstas, K., Bastow, T. J., Álvarez, C., Hill, A. J., Lozano, A. E., Paul, D. R. 
& Freeman, B. D. (2014). Investigation of the chemical and morphological 
structure of thermally rearranged polymers. Polymer, 55, 6649-6657. 
Song, C., Wang, T., Jiang, H., Wang, X., Cao, Y. & Qiu, J. (2010). Gas separation 
performance of C/CMS membranes derived from poly(furfuryl alcohol) (PFA) 
with different chemical structure. Journal of Membrane Science, 361, 22-27. 
Song, C., Wang, T., Wang, X., Qiu, J. & Cao, Y. (2008). Preparation and gas 
separation properties of poly(furfuryl alcohol)-based C/CMS composite 
membranes. Separation and Purification Technology, 58, 412-418. 
Soroko, I., Makowski, M., Spill, F. & Livingston, A. (2011). The effect of membrane 
formation parameters on performance of polyimide membranes for organic 
solvent nanofiltration (OSN). Part B: Analysis of evaporation step and the role 
of a co-solvent. Journal of Membrane Science, 381, 163-171. 
Sridhar, S., Smitha, B. & Aminabhavi, T. M. (2007). Separation of carbon dioxide 
from natural gas mixtures through polymeric membranes—a review. 
Separation & Purification Reviews, 36, 113-174. 
Su, J. & Lua, A. C. (2007). Effects of carbonisation atmosphere on the structural 
characteristics and transport properties of carbon membranes prepared from 
Kapton® polyimide. Journal of Membrane Science, 305, 263-270. 
Sun, C., Wen, B. & Bai, B. (2015). Application of nanoporous graphene membranes 
in natural gas processing: Molecular simulations of CH4/CO2, CH4/H2S and 
CH4/N2 separation. Chemical Engineering Science, 138, 616-621. 
Sun, Y., Liu, P. & Liu, Z. (2016). Catalytic conversion of carbohydrates to 5-
hydroxymethylfurfural from the waste liquid of acid hydrolysis NCC. 




Tang, J., Sirkar, K. K. & Majumdar, S. (2013). Permeation and sorption of organic 
solvents and separation of their mixtures through an amorphous 
perfluoropolymer membrane in pervaporation. Journal of Membrane Science, 
447, 345-354. 
Tanihara, N., Shimazaki, H., Hirayama, Y., Nakanishi, S., Yoshinaga, T. & Kusuki, 
Y. (1999). Gas permeation properties of asymmetric carbon hollow fiber 
membranes prepared from asymmetric polyimide hollow fiber. Journal of 
Membrane Science, 160, 179-186. 
Teixeira, M., Campo, M. C., Pacheco Tanaka, D. A., Llosa Tanco, M. A., Magen, C. 
& Mendes, A. (2011). Composite phenolic resin-based carbon molecular sieve 
membranes for gas separation. Carbon, 49, 4348-4358. 
Teixeira, M., Rodrigues, S. C., Campo, M., Pacheco Tanaka, D. A., Llosa Tanco, M. 
A., Madeira, L. M., Sousa, J. M. & Mendes, A. (2014). Boehmite-phenolic 
resin carbon molecular sieve membranes—Permeation and adsorption studies. 
Chemical Engineering Research and Design, 92, 2668-2680. 
Tena, A., Marcos-Fernández, Á., De La Viuda, M., Palacio, L., Prádanos, P., Lozano, 
Á. E., De Abajo, J. & Hernández, A. (2015). Advances in the design of co-
poly(ether-imide) membranes for CO2 separations. Influence of aromatic 
rigidity on crystallinity, phase segregation and gas transport. European 
Polymer Journal, 62, 130-138. 
Teoh, M. M., Chung, T.-S., Wang, K. Y. & Guiver, M. D. (2008). Exploring 
Torlon/P84 co-polyamide-imide blended hollow fibers and their chemical 
cross-linking modifications for pervaporation dehydration of isopropanol. 
Separation and Purification Technology, 61, 404-413. 
Thomas, N., Mavukkandy, M. O., Loutatidou, S., and Arafat, H. A. (2017). Membrane 
distillation research & implementation: Lessons from the past five decades. 
Separation and Purification Technology, 189, 108-127. 
Tin, P. S., Chung, T.-S., Liu, Y. & Wang, R. (2004). Separation of CO2/CH4 through 
carbon molecular sieve membranes derived from P84 polyimide. Carbon, 42, 
3123-3131. 
Tin, P. S., Xiao, Y. & Chung, T. S. (2006). Polyimide‐carbonized membranes for gas 
separation: structural, composition, and morphological control of precursors. 




Tiptipakorn, S., Damrongsakkul, S., Ando, S., Hemvichian, K. & Rimdusit, S. (2007). 
Thermal degradation behaviors of polybenzoxazine and silicon-containing 
polyimide blends. Polymer Degradation and Stability, 92, 1265-1278. 
Tong, H., Hu, C., Yang, S., Ma, Y., Guo, H. & Fan, L. (2015). Preparation of 
fluorinated polyimides with bulky structure and their gas separation 
performance correlated with microstructure. Polymer, 69, 138-147. 
Tseng, H.H., Shih, K., Shiu, P.T. & Wey, M.Y. (2012). Influence of support structure 
on the permeation behavior of polyetherimide-derived carbon molecular sieve 
composite membrane. Journal of Membrane Science, 405, 250-260. 
Ummartyotin, S. & Pechyen, C. (2016). Microcrystalline-cellulose and polypropylene 
based composite: A simple, selective and effective material for microwavable 
packaging. Carbohydrate Polymers, 142, 133-140. 
Vanherck, K., Koeckelberghs, G. & Vankelecom, I. F. J. (2013). Crosslinking 
polyimides for membrane applications: a review. Progress in Polymer Science, 
38, 874-896. 
Vu, D. Q., Koros, W. J. & Miller, S. J. (2001). High Pressure CO2/CH4 separation 
using carbon molecular sieve hollow fiber membranes. Industrial & 
Engineering Chemistry Research, 41, 367-380. 
Wan Salleh, W. N. & Ismail, A. F. (2013). Effect of stabilization temperature on gas 
permeation properties of carbon hollow fiber membrane. Journal of Applied 
Polymer Science, 127, 2840-2846. 
Wang, C., Hu, X., Yu, J., Wei, L. & Huang, Y. (2014). Intermediate gel coating on 
macroporous Al2O3 substrate for fabrication of thin carbon membranes. 
Ceramics International, 40, 10367-10373. 
Wang, C., Ling, L., Huang, Y., Yao, Y. & Song, Q. (2015). Decoration of porous 
ceramic substrate with pencil for enhanced gas separation performance of 
carbon membrane. Carbon, 84, 151-159. 
Wang, K., Suda, H. & Haraya, K. (2003). The characterization of CO2 permeation in 
a CMSM derived from polyimide. Separation and Purification Technology, 
31, 61-69. 
Wang, L., Cao, Y., Zhou, M., Zhou, S. J. & Yuan, Q. (2007). Novel copolyimide 
membranes for gas separation. Journal of Membrane Science, 305, 338-346. 
Wang, S., Tian, Z., Feng, J., Wu, H., Li, Y., Liu, Y., Li, X., Xin, Q. & Jiang, Z. (2015). 




containing polymeric submicrospheres into polyimide membrane. Journal of 
Membrane Science, 473, 310-317. 
Wang, T., Sun, F., Wang, H., Yang, S. & Fan, L. (2012). Preparation and properties 
of pore-filling membranes based on sulfonated copolyimides and porous 
polyimide matrix. Polymer, 53, 3154-3162. 
Wang, Z., Wei, Y.M., Xu, Z.L., Cao, Y., Dong, Z.Q. & Shi, X.L. (2016). Preparation, 
characterization and solvent resistance of γ-Al2O3/α-Al2O3 inorganic hollow 
fiber nanofiltration membrane. Journal of Membrane Science, 503, 69-80. 
Waqas Anjum, M., De Clippel, F., Didden, J., Laeeq Khan, A., Couck, S., Baron, G. 
V., Denayer, J. F. M., Sels, B. F. & Vankelecom, I. F. J. (2015). Polyimide 
mixed matrix membranes for CO2 separations using carbon–silica 
nanocomposite fillers. Journal of Membrane Science, 495, 121-129. 
Weng, T.H., Tseng, H.H. & Wey, M.Y. (2010). Fabrication and characterization of 
poly (phenylene oxide)/SBA-15/carbon molecule sieve multilayer mixed 
matrix membrane for gas separation. International Journal of Hydrogen 
Energy, 35, 6971-6983. 
Williams, P. J. & Koros, W. J. 2008. Gas Separation by Carbon Membranes. Advanced 
Membrane Technology and Applications. John Wiley & Sons, Inc. 
Wollbrink, A., Volgmanna, K., Koch, J., Kanthasamy, K., Tegenkamp, C., Li Y., 
Richter, H, Kämnitze, S., Steinbach, F., Feldhoff, A., & Caroa, A. (2016). 
Amorphous, turbostratic and crystalline carbon membranes with hydrogen 
selectivity. Carbon, 106, (93-105). 
Wu, C.Y., Hu, C.C., Lin, L.K., Lai, J.Y. & Liu, Y.L. (2016). Liberation of small 
molecules in polyimide membrane formation: an effect on gas separation 
properties. Journal of Membrane Science, 499, 20-27. 
Wu, T., Diaz, M. C., Zheng, Y., Zhou, R., Funke, H. H., Falconer, J. L. & Noble, R. 
D. (2015a). Influence of propane on CO2/CH4 and N2/CH4 separations in CHA 
zeolite membranes. Journal of Membrane Science, 473, 201-209. 
Wu, T., Wang, N., Li, J., Wang, L., Zhang, W., Zhang, G. & Ji, S. (2015b). Tubular 
thermal crosslinked-PEBA/ceramic membrane for aromatic/aliphatic 
pervaporation. Journal of Membrane Science, 486, 1-9. 
Wu, Y., Wu, S., Huang, S. & Gao, J. (2010). Physicochemical properties and structural 
evolutions of gas-phase carbonization chars at high temperatures. Fuel 




Xiao, Y., Chng, M. L., Chung, T.-S., Toriida, M., Tamai, S., Chen, H. & Jean, Y. C. 
J. (2010). Asymmetric structure and enhanced gas separation performance 
induced by in situ growth of silver nanoparticles in carbon membranes. 
Carbon, 48, 408-416. 
Xiao, Y., Low, B. T., Hosseini, S. S., Chung, T. S. & Paul, D. R. (2009). The strategies 
of molecular architecture and modification of polyimide-based membranes for 
CO2 removal from natural gas: a review. Progress in Polymer Science, 34, 561-
580. 
Xie, X., Goodell, B., Zhang, D., Nagle, D. C., Qian, Y., Peterson, M. L. & Jellison, J. 
(2009). Characterization of carbons derived from cellulose and lignin and their 
oxidative behavior. Bioresource Technology, 100, 1797-1802. 
Xing, D. Y., Chan, S. Y. & Chung, T.S. (2013). Fabrication of porous and 
interconnected PBI/P84 ultrafiltration membranes using [EMIM]OAc as the 
green solvent. Chemical Engineering Science, 87, 194-203. 
Yamamoto, M., Kusakabe, K., Hayashi, J.-I. & Morooka, S. (1997). Carbon molecular 
sieve membrane formed by oxidative carbonization of a copolyimide film 
coated on a porous support tube. Journal of Membrane Science, 133, 195-205. 
Yang, Q., Chung, T.S., Xiao, Y. & Wang, K. (2007). The development of chemically 
modified P84 Co-polyimide membranes as supported liquid membrane matrix 
for Cu (II) removal with prolonged stability. Chemical Engineering Science, 
62, 1721-1729. 
Yeo, Z. Y., Chew, T. L., Zhu, P. W., Mohamed, A. R. & Chai, S.-P. (2012). 
Conventional processes and membrane technology for carbon dioxide removal 
from natural gas: A review. Journal of Natural Gas Chemistry, 21, 282-298. 
Yin, X., Chu, N., Yang, J., Wang, J. & Li, Z. (2013). Thin zeolite T/carbon composite 
membranes supported on the porous alumina tubes for CO2 separation. 
International Journal of Greenhouse Gas Control, 15, 55-64. 
Yong, W. F., Lee, Z. K., Chung, T.-S., Weber, M., Staudt, C. & Maletzko, C. (2016). 
Blends of a polymer of intrinsic microporosity and partially sulfonated 
polyphenylenesulfone for gas separation. ChemSusChem, 9, 1953-1962. 
Yong, W. F., Li, F. Y., Xiao, Y. C., Chung, T. S. & Tong, Y. W. (2013). High 
performance PIM-1/Matrimid hollow fiber membranes for CO2/CH4, O2/N2 




Yong, W. F., Li, F. Y., Xiao, Y. C., Li, P., Pramoda, K. P., Tong, Y. W. & Chung, T. 
S. (2012). Molecular engineering of PIM-1/Matrimid blend membranes for gas 
separation. Journal of Membrane Science, 407–408, 47-57. 
Yoshimune, M. & Haraya, K. (2010). Flexible carbon hollow fiber membranes derived 
from sulfonated poly (phenylene oxide). Separation and Purification 
Technology, 75, 193-197. 
Yoshimune, M. & Haraya, K. (2013). CO2/CH4 mixed gas separation using carbon 
hollow fiber membranes. Energy Procedia, 37, 1109-1116. 
Yoshimune, M. 2015. High Selective Carbon Membranes. In: Drioli, E. & Giorno, L. 
(eds.) Encyclopedia of Membranes. Berlin, Heidelberg: Springer Berlin 
Heidelberg. 
Yusuf, K., Badjah-Hadj-Ahmed, A. Y., Aqel, A. & Alothman, Z. A. (2015). 
Fabrication of zeolitic imidazolate framework-8-methacrylate monolith 
composite capillary columns for fast gas chromatographic separation of small 
molecules. Journal of Chromatography A, 1406, 299-306. 
Zainal, W. N. H. W., Tan, S. H. & Ahmad, M. A. (2016). Carbon Membranes Derived 
from Polymer Blend of Polyethylene glycol/Polyetherimide: Preparation, 
Characterization and Gas Permeation Studies. Chemical Engineering & 
Technology. 40(1), 94-102. 
Zhang, B., Wu, Y., Lu, Y., Wang, T., Jian, X. & Qiu, J. (2015). Preparation and 
characterization of carbon and carbon/zeolite membranes from ODPA–ODA 
type polyetherimide. Journal of Membrane Science, 474, 114-121. 
Zhang, J., Terrones, M., Park, C. R., Mukherjee, R., Monthioux, M., Koratkar, N., 
Kim, Y. S., Hurt, R., Frackowiak, E., Enoki, T., Chen, Y., Chen, Y. & Bianco, 
A. (2016). Carbon science in 2016: Status, challenges and perspectives. 
Carbon, 98, 708-732. 
Zhang, K. & Way, J. D. (2011). Optimizing the synthesis of composite polyvinylidene 
dichloride-based selective surface flow carbon membranes for gas separation. 
Journal of Membrane Science, 369, 243-249. 
Zhang, L., He, G., Zhao, W., Nie, F., Li, X. & Tan, M. (2011). Studies on the coating 
layer in a PTFPMS/PEI composite membrane for gaseous separation. Journal 




Zhang, M. Y., Niu, H. Q., Qi, S. L., Tian, G. F., Wang, X. D. & Wu, D. Z. (2014). 
Structure evolutions involved in the carbonization of polyimide fibers with 
different chemical constitution. Materials Today Communications, 1, 1-8. 
Zhang, X., Hu, H., Zhu, Y. & Zhu, S. (2006). Effect of carbon molecular sieve on 
phenol formaldehyde novolac resin based carbon membranes. Separation and 
Purification Technology, 52, 261-265. 
Zhang, X., Hu, H., Zhu, Y. & Zhu, S. (2007). Carbon molecular sieve membranes 
derived from phenol formaldehyde novolac resin blended with poly (ethylene 
glycol). Journal of Membrane Science, 289, 86-91. 
Zhang, Y., Sunarso, J., Liu, S. & Wang, R. (2013). Current status and development of 
membranes for CO2/CH4 separation: A review. International Journal of 
Greenhouse Gas Control, 12, 84-107. 
Zhao, H., Xie, Q., Ding, X., Chen, J., Hua, M., Tan, X. & Zhang, Y. (2016). High 
performance post-modified polymers of intrinsic microporosity (PIM-1) 
membranes based on multivalent metal ions for gas separation. Journal of 
Membrane Science, 514, 305-312. 
Zhao, S., Feron, P. H. M., Deng, L., Favre, E., Chabanon, E., Yan, S., Hou, J., Chen, 
V. & Qi, H. (2016). Status and progress of membrane contactors in post-
combustion carbon capture: A state-of-the-art review of new developments. 
Journal of Membrane Science, 511, 180-206. 
Zhao, S., Wang, Z., Wei, X., Tian, X., Wang, J., Yang, S. & Wang, S. (2011). 
Comparison study of the effect of PVP and PANI nanofibers additives on 
membrane formation mechanism, structure and performance. Journal of 
Membrane Science, 385–386, 110-122. 
Zhao, X., Li, W., Huang, Z., Shouxin Liu, S. (2015). Synthesis of nickel-incorporated 
larch-based carbon membranes with controllable porous structure for gas 
separation. Journal of Nanoparticle Research. 17(11), 433. 
Zhao, W., He, G., Nie, F., Zhang, L., Feng, H. & Liu, H. (2012). Membrane liquid loss 
mechanism of supported ionic liquid membrane for gas separation. Journal of 
Membrane Science, 411–412, 73-80. 
Zheng, X., Zhang, Z., Yu, D., Chen, X., Cheng, R., Min, S., Wang, J., Xiao, Q. & 
Wang, J. (2015). Overview of membrane technology applications for industrial 
wastewater treatment in China to increase water supply. Resources, 




Zhou, W., Yoshino, M., Kita, H. & Okamoto, K.I. (2003). Preparation and gas 
permeation properties of carbon molecular sieve membranes based on 
sulfonated phenolic resin. Journal of Membrane Science, 217, 55-67. 
Zhou, Y., Fukushima, M., Miyazaki, H., Yoshizawa, Y.-I., Hirao, K., Iwamoto, Y. & 
Sato, K. (2011). Preparation and characterization of tubular porous silicon 
carbide membrane supports. Journal of Membrane Science, 369, 112-118. 
Zhuang, Y., Seong, J. G., Do, Y. S., Lee, W. H., Lee, M. J., Guiver, M. D. & Lee, Y. 
M. (2016). High-strength, soluble polyimide membranes incorporating 
Tröger’s Base for gas separation. Journal of Membrane Science, 504, 55-65. 
Zornoza, B., Téllez, C. & Coronas, J. (2011). Mixed matrix membranes comprising 
glassy polymers and dispersed mesoporous silica spheres for gas separation. 
Journal of Membrane Science, 368, 100-109. 
 
  
